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High-resolution DC magnetization and AC-specific heat 
data of the cubic helimagnet FeGe have been measured 
as function of temperature and magnetic field. The mag-
netization data as well as the isothermal susceptibility da-
ta confirm the complexity of the magnetic phase diagram 
in the vicinity of the onset of long-rang magnetic order 
(Tc = 278.5 K) and the existence of a segmented A-phase 
region. Moreover, these data revealed independent and 
clear indications of phase boundaries and crossovers 
within the A-phase region. Together with the anomalies 
in the specific-heat data around Tc and at small magnetic 
fields (H < 600 Oe) a complex magnetic phase diagram 
of FeGe is obtained.  
 
 
1 Introduction  
Cubic helimagnets crystallizing in the non-
centrosymmetric B20 structure (space group P213) have 
been long known for their peculiar magnetic properties [1-
3]. These compounds, mainly transition-metal silicides or 
germanides (TM = Mn, Fe, and Co), display chiral helical 
and skyrmionic modulations with periods up to several 
hundred unit-cells [2-4] which is well understood [5-8]. In 
a narrow region in the magnetic field (H) – temperature (T) 
phase diagram, however, the subtle balance of isotropic 
and much weaker anisotropic interactions such as ex-
change anisotropy and cubic magneto-crystalline anisotro-
py lead to yet not well understood anomalies in the vicinity 
of the onset of long-range magnetic order [9,10]. This pre-
cursor region comprises the so-called A phase and a se-
quence of complex phase transitions and crossovers in the 
vicinity of the onset of long-range magnetic order at Tc. 
These precursor phenomena are related to the softening of 
the magnetization modulus and a strong coupling between 
angular and longitudinal modes near Tc [10-12]. It has been 
shown [8,10] that the crossover of inter-core interactions 
and the onset of specific confined helical and skyrmionic 
states lead to a complex phase diagram with different chi-
ral modulations [9].  
Here we present high-resolution thermodynamic measure-
ments on single crystalline FeGe which are complementary 
to previously reported magnetic ac-susceptibility data [9]. 
The complexity of the magnetic phase diagram around Tc 
and the segmentation of the A-phase region are confirmed. 
Therefore, the idea of interpreting the A phase as a certain 
distinct single-modulated phase with either one-
dimensional [13,14] or ‘triple-q’ modulations [15-17] has 
to be rejected. 
2 Experimental Details  
The specific heat, Cp, was measured in a home-made AC 
Peltier modulated-bath calorimeter [18]. It allows us to 
measure Cp during both, temperature and field scans. The 
magnetization was measured in a Quantum Design Vibrat-
ing-Sample SQUID magnetometer (VSM) in continuous 
sweeping mode. Magnetic susceptibility was obtained by 
taking the field derivative of the magnetization data. The 
orientation of the sample to the field direction was arbi-
trary but identical in both experiments. 
3 Results 
Figure 1 shows the field dependence of the isothermal sus-
ceptibility χ(Η) of FeGe for temperatures around Tc = 
278.5 K. The initial increase in low fields is associated 
with the transition from a helical to the cone structure at 
Hc1 [9]. In the conical phase the susceptibility is field inde-
pendent and shows a plateau for T < 274 K. For tempera-
tures 274.5 < T < 278.5 K, however, a minimum in χ(H) 
evolves. This is the fingerprint of the ‘A-phase region’ (see 
a discussion and bibliography in [10]). Further increase of 
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the field leads to the spin-flip transition into the field-
polarized (FP) state at the upper critical field Hc2. These 
are the generic phase transitions observed in FeGe [9,10] 
and other B20 magnets [19-22]. However, the present 
high-resolution measurements provide further details in the 
precursor region. 
 
Figure 1 Isothermal χ(H) data of FeGe with arbitrary field direc-
tion. The curves are stacked with a -0.5 emu/mol/Oe offset. Data 
at 277.75 K were recorded upon increasing and decreasing fields. 
The small hysteresis indicates that the transitions are of first-
order. 
 
The spin-flip transition into the FP state is not affected by 
the appearance of the A-phase region, thus underlining its 
pocket nature within the cone structure. The peak present 
in χ(H) for 275 K ≤ T ≤ 277.5 K and delimitating the high-
field side of the valley at a characteristic field HA+ disap-
peared at 277.75 K. Instead, it is followed by a gradual re-
duction of χ(H) and a small plateau at higher fields (T = 
277.75 K). This indicates that a cone-like-structure is stabi-
lized before entering the FP state. A different magnetic 
state, however, seems to be present at 278 K as the plateau 
in χ(H) has transformed into a bump which persists up to 
Tc.  
The large peak on the low-field side of the valley at HA- is 
present above 274 K and smears out at Tc. Thus, only a 
transition from the cone to the A-phase region occurs. The 
presence of three sharp peaks supports a first-order nature 
of the transitions between the helical, conical and the A 
phase. This is also supported by the small hysteresis of 
about 10 Oe in the transition field observed at 277.75 K for 
both field-sweep directions. 
 
Figure 2 M(T) data normalized by the applied field of FeGe at 
fixed applied fields 0 < H < 1000 Oe. All curves are shifted with 
respect to the 2 Oe data as indicated. The inflection points 
marked by arrows indicate the various magnetic transitions. Inset: 
Details of the magnetization data showing distinct anomalies at 
the transitions into the A1 phase (H = 300 and 333 Oe) and the A2 
phase (425 Oe). The curves for H = 333 and 425 Oe are shifted 
relative to the 300 Oe data.  
 
Zero-field-cooled temperature scans of the magnetization, 
M(T), normalized by the corresponding field, are shown in 
Figure 2. Comparison with field-cooled data did not show 
significant differences. The main features of the suscepti-
bility described above are all observed in the M(T) data. 
The overall increase in magnetization for decreasing tem-
peratures is associated with the appearance of some kind of 
magnetic ordering at a crossover temperature Tx, defined as 
the inflection point in M(T). Tx hardly changes and is lo-
cated at about 280 K. At lower temperature a pronounced 
cusp marks the transition into the helical state (H = 2 Oe), 
with the magnetization stabilizing at a constant value be-
low the maximum. Its position at Tc1 = 278.5 K is defined 
as the inflection point of the M(T) data. The cusp is pre-
served upon increasing field, though the drop in magneti-
zation largely decreases upon entering the cone structure 
for H > 100 Oe. It gradually becomes an individual anoma-
ly while shifting to lower temperatures. A second maxi-
mum can be identified for fields around 250 Oe. The in-
flection points at these two features are taken as the lower 
and upper end of the A-phase region TA- and TA+ (blue and 
dark cyan arrows), respectively. A kink right above the 
peak at low fields may indicate the transition into some in-
termediate phase between the helical and the paramagnetic 
0 300 600 900
-6
-5
-4
-3
-2
-1
0
1
2
FeGe
HC1 HA+
HC2
HA-
Su
sc
e
pt
ib
ilit
y 
[em
u
/m
o
l*O
e
]
  
 
H [Oe]
282 K
280 K
279.5 K
279 K
278.5 K
278.25 K
278 K
277.75 K
277.5 K
277 K
276 K
275.5 K
275 K
274 K
272 K
270 275 280 285 290
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
M
 
[em
u
/m
ol
*
O
e]
FeGe
 TX
 TX
 TC2
 TC1
 TA+ TA-
+13.8
+12.2
+10.4
+2.2
+2.0
+1.8
+1.6
+1.2
+1.4
+0.4
+1.0
+0.8
+0.6
+0.2
 1000 Oe
 800 Oe
 600 Oe
 400 Oe
 366 Oe
333 Oe
 300 Oe
 266 Oe
 233 Oe
200 Oe
 170 Oe
 140 Oe
 100 Oe
 75 Oe
 
 
M
a
gn
e
tiz
a
tio
n
 
[em
u
/m
o
l*O
e
]
Temperature [K]
2 Oe
270 273 276 279
2.00
2.04
2.08
2.12
T [K]
TA+
TA-
A2
+0.03
+0.09
425 Oe
 333 Oe
 300 Oe
A1
 3 
 
  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
(PM) phase, and is thus marked as Tc2 (red arrows). From 
the continuous evolution of the main cusp, it seems that the 
A phase somehow joins the helical phase around Tc1.  
A segmentation of the A-phase region into two parts be-
comes obvious from the M(T) data above 300 Oe (see inset 
to Fig. 2). The minimum in M(T)  and the cusps associated 
with the A1 phase becomes smaller with increasing field 
and transforms into a shallow minimum between 400 Oe 
and 500 Oe without any pronounced kink-like anomalies at 
the low- and high-temperature side. This is taken as indica-
tion of a different magnetic phase (A2) within the A-phase 
region, as observed previously [9]. Based on the magneti-
zation data it can be inferred that its magnetic characteris-
tics differs only little from the conical phase but seems to 
be definitely different from the A1 phase.  
 
  
Figure 3 AC specific-heat Cp(T) of FeGe in various fields. All 
curves are shifted relative to the zero-field data. The meaning of 
the various arrows is described in the text. Inset: Specific heat 
during a field sweep at T=277.5 K. A strong drop is observed at 
the upper critical field Hc2.  
 
Figure 3 shows the high-resolution ac-specific-heat data 
which reveal further details of the evolution of the various 
magnetic transitions and cross-overs. In zero field, a sharp 
peak is visible at Tc = 278.5 K, superimposed slightly be-
low the top of a λ-like anomaly. This extraordinarily sharp 
anomaly highlights the excellent quality of the sample and 
sample inhomogeneity can be excluded. The peak at Tc 
corresponds to the transition into the helical phase. Its size 
is reduced at 140 Oe while it slightly shifted to 278.4 K, 
and finally evolved into a step at temperature TS and fields 
above 200 Oe. Its inflection point, present at least until 600 
Oe, is defined as TS. The evolution of the sharp peak at Tc 
into a step at TS corresponds to the transition into the A-
phase region. On the other hand, the main λ-like anomaly 
becomes weaker, broadens and changes its shape for H > 
140 Oe.  The inflection point at Tinfl in Cp(T) above Tλ is 
taken as criterion for the center of the crossover into the 
PM state.  
Above H = 600 Oe only a very broad peak is observed. Its 
position moves towards higher temperature with increasing 
field. This is the typical behavior for the high-field crosso-
ver region of a magnetic transition from the PM phase to 
the FP state. Isothermal field-sweep specific heat data, 
Cp(H) at 277.5 K across the A-phase region is shown in the 
inset to Figure 3. The relative signal variation was found to 
be a tiny fraction of the large total specific-heat value (∆Cp 
= 25 10-6 J/mol⋅K). Nonetheless, the strongest decrease in 
Cp(H) could be repeatedly resolved and correlates with Hc2. 
The overall drop in Cp(H) reflects the transitions from the  
magnetically modulated phase region to the well-defined 
FP state at about 6 kOe. 
 
4 Discussion  
The various features found in the susceptibility, magnetiza-
tion and specific heat data are plotted in the (H,T) phase 
diagram shown in Figure 4. Although the DC magnetiza-
tion reveals more pronounced anomalies at the boundaries 
of the A1 phase, the derived phase diagram is very similar 
to that reported in [9,10].  
 
 
Figure 4 Phase diagram of FeGe in the vicinity of magnetic or-
dering (Tc = 278.5 K) obtained from the susceptibility, magnetiza-
tion and specific-heat data presented in section 3. The various 
transition lines and crossover temperatures are displayed with the 
following symbol codes: half-full squares for χ(H) (filling on the 
right half and left half mark data taken for increasing and decreas-
ing field, respectively), triangles for M(T) and circles for Cp(T). 
The helical ground state transforms into a conical phase at a low-
er critical field Hc1. The field-polarized (FP) state is entered at the 
upper critical field Hc2 for T < Tc. A segmented A-phase region 
with pockets A1 and A2 is embedded in the conical phase. The 
grey shading marks qualitatively the region over which the broad 
crossover extends with the high-temperature limit estimated from 
the onset of the specific-heat anomaly. 
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 The specific-heat data are in excellent agreement with the 
magnetization, bringing a further confirmation for the heli-
cal phase and the upper transition line of the A phase: The 
observed tiny peak-like anomaly superimposed onto the λ-
like transition marks the upper end of the cone phase and 
in higher fields when it transforms into a step it represents 
the upper end of the A-phase region. Meanwhile, the in-
flection point on the right side of the main λ-like transition 
is in excellent agreement with the Tx line from the magnet-
ization temperature scan. The shape of the magnetic specif-
ic-heat transition resembles a broadened λ-like anomaly, 
typical for a transition with strong fluctuations [10]. 
Our data clearly verifies the separation of the A phase in 
multiple pockets: the A1 and the A2 phases exhibit different 
magnetic properties and are bounded by two first-order and 
two second-order transitions, respectively. The sharp fea-
tures in M(T) related to the A1 and A2 transition are a con-
sequence of a different magnetic structure and are not 
caused by micro-stress as suggested in [21]. The step-like 
cusps forming the Tc1 / TA- and TA+ lines again seem to 
support the discontinuous nature of the transition into the 
helical and A1 phases, while the kink-like anomalies at the 
transition into the A2 phase suggests a continuous second-
order nature. It remains unclear what happens exactly be-
tween the A region’s upper transition TA+ and the Tx line. 
Although the magnetization data M(T,H=0) indicate a 
completion of magnetic ordering right upon entering the 
helical state, the specific heat shows a large anomaly cen-
tered at temperatures slightly above Tc, and entering the 
helical phase appears as a sharp additional superimposed 
peak.  
Comparing the previous AC susceptibility data [9] with the 
present data illustrates that AC susceptibility underestimat-
ed the size of the anomalies of the first-order transitions. 
The reason is certainly the associated meta-stability. The 
magnetization data presented here resemble remarkably to 
data presented for MnSi [22]. Indeed these data are con-
sistent with earlier findings pointing to a complex A-phase 
region in MnSi as well [19]. The segmentation of the A-
phase region is a generic feature and not restricted to bina-
ry transition-metal silicides or germanides as the recent da-
ta on Cu2OSeO3 show. The observation of two ESR lines 
in the center of the A phase [20] and a change of the prop-
agation direction therein, found by small angle neutron 
scattering [21], are clear indications that this phase space 
in Cu2OSeO3 is inhomogeneous as well.  
 
5 Conclusions  
A narrow temperature-magnetic field region around Tc = 
278.5 K of the cubic helimagnet FeGe was investigated 
with high-resolution DC magnetization and AC specific-
heat measurements. The deduced phase boundaries and 
crossover lines are in perfect agreement with those ob-
tained from AC susceptibility data [9] and confirm the sep-
aration of the A phase into several pockets. Thus, these da-
ta unambiguously confirm the existence of a multiplicity of 
magnetic phases within the precursor region in FeGe 
which is characterized by complex magnetic modulations 
and can neither be explained by a distinct single-modulated 
nor a simple triple-helix magnetic structure.  
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